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The effect of high electric field strengths (10 4 to 
10 5 V/cm) present during neutron radiation on the neutron-
induced defects is determined by utilizing fue high electric 
field strength inherent in the emitter-base transistion re-
gion of an n-p-n transistor. A method is presented for the 
separation of neutron and gamma effects. Previous theoreti-
cal work on the ratio of base current increase to collector 
current decrease is applied to experimental data. The vari-
ations of the space-charge region volume damage introduction 
rate with neutron fluence and the average electric field 
strength are determined experimentally in order to obtain a 
measure of this effect. The dependence of the space-charge 
region volume damage introduction rate on neutron fluence 
is found empirically to be a power law relationship. The 
space-charge region volume damage introduction rate is 
shown empirically to also have a power law relationship with 
respect to the average electric field strength. 
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I. INTRODUCTION 
Neutron-induced defect clusters in silicon transistors 
1-6 have been shown to behave differently in the high 
electric field strength emitter-base space-charge region 
than in the low electric field strength "neutral" bulk-base 
region both during introduction and annealing5 . This 
anomalous behavior in both formation and annealing has been 
attributed by some authors to carrier density effects 7 or to 
a modification of the defect cluster or its capture cross-
section by the presence of an electric field 5 ' 6 . 
The purpose of the investigation reported here was to 
determine if such an electric field strength dependence 
existed through a study of the variation of the space-charge 
volume damage introduction rate, KV' with junction electric 
field strength, E, and neutron fluence, ¢. Two groups of 
devices, whose emitter-base junctions were forward biased, 
unbiased, and reverse biased in order to alter the junction 
electric field strengths, were irradiated with fast neutrons 
(E>lOkeV, fission source). The rate of introduction of 
total space-charge volume damage and surface damage, Ktot' 
was then computed from changes in base current for each 
device after accounting for the neutron-induced recornbina-
tion in the neutral bulk region. The gamma-induced surface 
recombination and the neutron-induced space-charge recombi-
nation were then extracted from these total space-charge 
volume and surface damage rates. The rate of space-charge 
damage introduction was observed to be a function of the 
neutron fluence. The rates of space-charge damage intro-
duction were then compared and an electric field strength 
dependence of the space-charge volume damage introduction 
rate was also found to exist. 
2 
3 
II. BACKGROUND OF THE PROBLEM 
The space-charge region neutron-induced base current 
component, IB~' which is primarily responsible for degrada-
tion of silicon device current gain at low and intermediate 
current/injection levels through degradation of the emitter 
efficiency, is related to the rate_ of space-charge volume 
damage introduction, KV, by the expression6 
where 
~IB~ = space-charge region neutron-induced base current 
increase (A) , 
2 
= effective emitter area (em ) , 
= rate of space-charge region volume (S-CRV) 
-3 -2 damage introduction (A • em /neutron em ) , 
~=neutron fluence (neutrons/cm2 , E>lOkeV), 
q = electronic charge (1.609 xlo-19 coulombs) 
n = reciprocal slope term ~ 1.5 (see Equation (14)), 
k = Boltzman's constant (8.63 X 10-5 eV/°K) 1 
T = temperature (OK) , 
X = base-emitter depletion layer width (em) , 
m 
VBE = base-emitter bias (V) ' 
The magnitude of the neutron-induced space-charge com-
ponent of base current, IB~' the voltage dependence of this 
component (i.e., the reciprocal slope term, n), and the 
volume of the emitter-base space charge region, ~ • Xm' 
must be determined in order to obtain the dependence of the 
4a 
rate of the space-charge volume damage introduction, KV' on 
neutron fluence. 
The base current 1s composed of several current compon-
ents as shown in Figure la. Direct measurement of the 
neutron-induced space-charge current component is not pos-
sible over more than two to three decades of the device 
operating range. At low and intermediate current/injection 
levels the changes in only three base-current components 
dominate the total base current change. The first of these 
is the neutron-induced space-charge recombination-generation 
current, the second is the neutron-induced neutral bulk base 
region recombination-generation current, and the third is 
the gamma-induced surface recombination-generation current. 
The neutron-induced space-charge component dominates 
the base current changes at low fluences and low to inter-
d . . . t . 1 1 l- 4 Th t . d d me 1ate current lnJec 1on eve s e neu ron-ln uce 
neutral base component becomes important at higher fluences 
d / . . . 1 1 4,9 an current 1n]ect1on eve s . A mathematical model for 
4 9 the base region of graded base devices has been developed ' . 
This model predicts that the rate of increase in the neutral 
base region recombination current component with neutron 
fluence is generally greater than and directly proportional 
to the observed and readily measured decrease in the collec-
tor current. 
. 1-4 The earlier exper1ments were performed atthe Sandia 
Pulsed Reactor Facility (SPRF) which has a very low gamma-
to-neutron ratio. The University of Missouri-Rolla Research 
4h 
D~ITTER BASE COLLECTOR 
~~ a. I 
liiB~ , I 
. 
...(,- - - , 
liiBI I 
I ..olE -1 





I I I ,.."' 
IsP I 
I 
-+1 X IB ELECTRON FLOl~ m 
- ,... HOLE FLOW 
NORMAL BASE CURRENT COMPONENTS (A) 
ORIGIN VOLTAGE DEPENDENCE 
ISP-EMITTER PERIMETER JUST BELOW THE SURFACE exp(qV/mkT), m~l.5 
ISRH-EMITTER-BASE SPACE-CHARGE REGION exp(qV/mkT), m<2.0 
IBI -BULK BASE REG ION exp (qV /kT) 
NEUTRON-INDUCED BASE CURRENT COMPONENTS (A) 
l1IBI-BULK BASE REGION EQUAL TO r • liic 
lii 8 ~-EMITTER-BASE SPACE-CHARGE REGION exp(qV/nkT), n~l.5 
GAMMA-INDUCED BASE CURRENT COMPONENTS (A) 
.6.IBy-EMITTER PERIMETER AT THE SURFACE 
Is-SURFACE CHANNEL 
exp(qV/mkT), m<2.0 
exo(qV/mkT), 2<m<4 for Si 
Figure la. Origins of the normal and radiation-induced 
recombination-generation current components 
in a silicon N-P-N transistor. 
5 
Reactor used in this group of experiments has a gamma-to-
neutron ratio of 1.14 x 10- 8 rads(Si)/(neutrons/cm2 ) 10 • 
Consequently, it is necessary to separate the gamma-induced 
surface current component from the base current change in 
order to study the bulk effects. 
The fraction of the total base current which originates 
in the emitter-base space-charge volume attributed only to 
neutrons, 6IB~' may be calculated over a wide range of 
current/injection levels by correcting the total current 
change with irradiation for the gamma-induced surface cur-
rent and the neutron-induced "neutral" base region current 
(using the proportionality to the decrease in collector cur-
rent) . The expression for this operation may be written as, 
where 
( 2) 
6IBtot = total measured ch~nge in the base current 
caused by the introduction of the neutron-
induced bulk space-charge recombination cur-
rent plus the neutron-induced increase in the 
"neutral" base recombination current and the 
gamma-induced surface current (A) , 
6IC = measured decrease in the collector current 
caused by the neutron-induced increase in the 
"neutral" base region recombination (A), 
R = ratio of increase in the neutral-base region 
current component to decrease in collector 
current4 ' 9 . 
IBS • f = empirical expression for the addition of 
surface currents in terms of the initial sur-
face component of base current and the elec-
tric field strength present during 
. d' t' 10,11( ) 1rra 1a 10n A , 
E = average junction electric field strength 
(V /em) , and 
y =gamma dose (rads(Si)). 
A preliminary experiment was performed to determine 
whether an electric field strength dependence of KV did in 
fact exist. Three Motorola 2N914 transistors were matched 
to within 10% using as references the zero bias capacitance 
and collector and base currents measured over the range of 
emitter-base bias from 0.2 to 0.7 volts. These three de-
vices were irradiated in one step to a neutron fluence of 
2 x 1014 neutrons/cm2 (E>lOkeV). During this irradiation, 
one device was forward biased at 0.5 V to reduce the aver-
4 
age built-in electric field strength to 5.2 x 10 V/cm, one 
device was at zero bias to leave the average built-in elec-
tric field strength at 6.6 x 10 4 V/cm, and one device had a 
3 V reverse bias to produce an average electric field 
strength of 1.5 x 10 5 V/cm. The S-CRV damage introduction 
rate was calculated using Equation (1), with VBE equal to 
500 mV forward bias 6 • The values obtained were 4.1 x 1017 
(A/cm3 )/(neutrons/cm2 ) for the forward biased device, 
6 
-17 -17 5.1 x 10 for the zero biased device, and 10.6 x 10 
for the reverse biased device. In Figure 1 these values 
are plotted versus the average electric field strength 
during irradiation. The results of this experiment clearly 
indicate the existence of an electric field dependence of 
the volume damage introduction rate for the space-charge 
region. 
7 
10 ~ Data taken at v8E=500 mV, 300°K 
> 
9 ~ 
~=2 x 10 14 neutrons/cm 2 (E>lOkeV) 
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Figure lb. The volume damage introduction rate versus the average junction electric field 
strength for matched Motorola 2N914 transistors. 
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III. CONSIDERATIONS IN THE DETERMINATION OF THE NEUTRON 
FLUENCE AND JUNCTION ELECTRIC FIELD STRENGTH DEPENDENCE OF 
THE SPACE-CHARGE REGION VOLUME DAMAGE INTRODUCTION RATE 
A. Space-Charge Region Neutron-Induced Base Current 
Component 
9 
The space-charge region volume damage introduction rate 
is related to the neutron-induced space-charge current com-
ponent by Equation (1) 6 . This equation indicates that the 
magnitude of the neutron-induced space-charge component of 
base current, ~IB¢' the reciprocal slope term, n, and the 
volume of the emitter-base space-charge region, AE • Xm' 
must be measured in order to calculate the rate of space-
charge volume damage introduction, KV. 
The magnitude of the neutron-induced space-charge com-
ponent, ~IB¢' can be obtained by removing the "neutral" base 
region recombination current and separating the gamma-
induced surface recombination current from the remaining 
base current change. 
B. Removal of the "Neutral" Base Region Recombination 
Current 
The "neutral" base region recombination current can be 
removed from the total base current change by using the 
mathematical model for the base region of graded base 
d . 4' 9 ev1ces • This model predicts that the neutron-induced 
"neutral" base region recombination current component is 
greater than and directly proportional to the observed and 
10 
measurable decrease in the collector current. 
The ratio of base current increase to collector current 






z ( q,) coth ( z ( q,) ) -
W(O) F(¢) 
coth ( F ( 0 ) ) - z ( q,) 
F(¢) W(¢) W(¢) 
Z(¢) exp(F(¢)) csch(Z(¢)) 
w ( ¢) '.v ( ¢) 
exp(F(¢)) csch(Z(¢)) 
(3) 
6InB = the neutron-induced base current increase (A) , 
6InC = the neutron-induced collector current decrease 
and that caused by existing defects (A) , 
JnE = the injected emitter current density (A/crn2 ), 
JnC = the fraction of injected emitter current which 
is collected 2 (A/em ) , 
W the effective base width (ern) , 
n = the base region field parameter, 
F = the reciprocal electric field parameter 
[2W/n (em)], 
and Z is defined by, 
( 4) 
JnC{O) is the collector current density in the absence of 
recombination (L ~ oo, ¢ = 0) . This equation is not directly 
applicable to the present work since the zero recombination 
11 
current is not physically measurable. A logical extension 
of this work yields, 
r ( ¢) = 
[IE(¢)- IC(¢)]- [IE(O)- IC(O)] 
IC(O) - IC(¢) 
( 5) 
where the sign of r is chosen positive. From previous work 9 , 
and 
A • E J nE 
= A • q • D (¢) • n (¢) E n e 
• {1/F(¢) + [1/Z(¢)] • coth(W(¢)/Z(¢))} 
qVBE 
• exp ( kT ) 
= A • q • D ( ¢) • n ( ¢) • [ 1/Z ( ¢) ] E n e 
• exp(W(¢)/F(¢)) • csch(W(¢)/Z (¢)) 
qVBE 
• exp ( ) . 
kT 
Thus, r(¢) can be written as, 
( 6) 
(7) 
r (ell) l l 
= {[F(cll) + Z(cll) 
w ( cp) 
coth ( z (ell) ) ] 
l l W(O) 
- [F(O) + Z(O) • coth(Z(O))]} 
l 
• {[Z(O) w ( 0) exp (F (0)) w ( 0) csch(Z(O))J 
12 
l W(cll) N(cll) 
- [z(ciJ) • exp(F(cll)) • csch(Z(cll))J} + 1, (8) 
which can be rewritten by multiplying and dividing by W as, 
r (ell) = { [ n ( ell) + vl • coth ( z ~ell) ) J 2 z (ell) 
w 
. {[Z(O) exp ( n ( 0) ) 2 
where the relationships 
and 
1 n 
F = 2W 
l\f(cp) ~ W(O) ~ W 





C. Separation of the Gamma-Induced Surface Recombination 
Current 
It is necessary to separate the gamma-induced surface 
recombination-generation current from the total base current 
changes in order to study the bulk effects. This could have 
. 10 11 been done usinq an express1on ' relating the gamma-
induced surface recombination current to the initial base 
current, IBS' the electric field strength present during 
exposure, E, and the ionizing radiation dose, y. 
sion, 
• a • 




a = 0.17, 
B = 0.435, 
E 
0 
= 8.9 x 1.0 4 V/cm, and 
= 7.9 x 10 5 rad(Si) 




was only shown to be applicable to special matched devices 10 . 
However, it does suggest an experimental technique for sep-
arating this component by noting that the gamma-induced sur-
face component saturates at high doses (about 106 rads(Si)). 
The total base current change has been shown to be 
14 
dominated over a wide current/injection range by the 
neutron-induced space-charge region recombination current 
discussed in Section A, the neutron-induced "neutral 11 base 
recombination current discussed in Section E, and the gamma-
induced surface recombination current discussed in this 
Section. The resultant equation for this range can be 
written as, 
(12) 
Using Equation (1), Equation (12) may be rewritten as, 
where all terms are as previously defined. 
D. Reciprocal Slope Term 
The reciprocal slope term, n, has been measured for 
2N914 transistors and was found to vary, for 0.15 eV 
) 0 35 d 0 75 12,13 <(Ei- ER < . eVan VBE < . , as , 
l = 0.4107 + kT 
n q 
a 
+ 6 • 3 4 x 1 0- 3 • 1 n ( [ .~] 1 I 2 + 
0 
n 





VZ = diffusion potential (V), 
E. = the intrinsic Fermi energy (0.55 eV), 
1 
ER = the defect energy (0.235 eV), 
15 
on = electron capture cross-section -16 -2 (8.1 x 10 ern ) 
0 =hole capture cross-section (1.8 x lo-16 crn- 2 ) p 
and k, T, and q have the standard meanings, respectively, 
of Boltzrnan constant, absolute temperature and electronic 
charge. The parameters in Equation (14) have been pre-
12 
viously measured for 2N914 transistors and were used to 
evaluate n. 
E. Calculation of the Diffusion Potential (Vz) 
The junction capacitance can be modeled by an equation 
of the form, 
where 
(15) 
CT = the junction capacitance (F), 
R = a parameter of fit related to the junction area, 
profile, and material, 
VZ = the junction diffusion potential (V) , and 
xn = a parameter of fit related to the profile which 
varies from l/2 for a step junction to l/3 for 
a linearly graded junction. 
The theoretical dependence of R, VZ, and xn on VBE has 
16 
been determined14 for non-irradiated 2N914 transistors. The 
diffusion potential was found to vary approximately loga-
rithmically with the total junction potential, v2 + VBE' and 
xn was found to vary approximately linearly with the applied 
voltage, VBE" The results for x are tabulated in Table 1. n 
VBE X VBE X VBE X n n n 
0.49 0.3392 -0.04 0.3452 -2.25 0.3617 
0.45 0.3398 -0.40 0.3479 -2.50 0.3636 
0.40 0.3412 -1.01 0.3533 -4.40 0.3788 
0.04 0.3440 -1.15 0.3555 -4.80 0.3806 
Table 1. x as a function of voltage for the 2N914 transis-
n 
tor code14 . 
Using these results for x , the pre-irradiation value 
n 
of the diffusion potential, v 2 , can be approximated, assum-
ing v 2 , and xn constant over a small range of VBE' by 
- [V - !':,V] [C (V - f'.,V)] l/xn (V) } T 
If the variation of x with neutron fluence was known, then 
n 
Equation (16) could be used to calculate the diffusion 
potential for each fluence. However, this dependence has 
not been obtained. Therefore, the neutron fleunce depen-
17 
dence of the diffusion potential will be approximated using6 
( 17) 
where K1 was found to be 1.27 x lo-
16 cm2/neutron for 2N914 
transistors. 
F. Calculation of the Depletion Layer Width and the 
Average Junction Electric Field 
The depletion layer width can be calculated from the 
junction capacitance as 8 , 
I ( 18) 
where 
CT = the junction capacitance (F) I 
X = the depletion layer width (em) , m 
€0 = the permittivity of free space (8.85 X 10-14 F/cm), 
and 
s = the relative permittivity of the semiconductor 
material (11.8 for silicon). 
The average pre-irradiation electric field strength is calc~ 
lated as, 
E = 
Vz(VBE'O) + VBE 
Xm(VBE'O) (19) 
18 
IV. EXPERIMENTAL TECHNIQUE 
A. Pre-irradiation Treatment and Irradiation Techniques 
The devices used in this work were annealed for 12 
hours at 250°C to remove internal stresses produced during 
manufacturing. All irradiations were carried out in the 
12 University of Missouri-Rolla Research Reactor . The 
devices were irradiated simultaneously to insure similar 
radiation conditions. The neutron fluence was monitored 
using nickel foil dosimetry and the corresponding gamma dose 
calculated using a gamma-to-neutron ratio of 1.14 x 10-8 
rads(Si)/(neutrons/cm2 ) 10 . 
After irradiation, the devices were stored at room 
temperature for eight hours to allow any transient anneal-
ing to be completed. At all other times the devices were 
stored in liquid nitrogen to prevent long term room temper-
ature annealing. This precaution was necessary since the 
irradiations were carried out over a period of 3 months. 
Since the quenching from room temperature to liquid nitrogen 
temperature and subsequent warming could conceivably intra-
duce thermal stress,an experiment was performed on several 
similar devices which were alternately quenched to liquid 
nitrogen temperature and then heated to room temperature. 
These devices exhibited no measurable change in their elec-
trical characteristics. Thus, thermally-induced stresses 
were assumed to be negligible. 
19 
B. Measurement and Treatment of Current/Voltage (I/V) Data 
The base and collector currents were measured, before 
irradiation and after each subsequent irradiation, over a 
range of base-to-emitter voltages of 100 to 800 millivolts 
using the Automatic Data Acquisition System of the Electron-
ics Research Laboratory of the Materials Research Center12 . 
The results of the calculation of the ratio of base 
current increase to collector current decrease are tabulated 
in Table 2. The ratio r is seen to decrease slowly with 
neutron fluence as shown in Figure 2. The magnitude of r 
is seen to be 4.25 to 4.75 and not one as would have been 
previously expected. This can be understood by considering 
the carrier distribution in the base for a constant injection 
level: 











1012 4.803 3.5 X 1013 4.795 2.8 X 1014 4.725 
1012 4.798 4.3 X 1013 4.793 3.6 X 1014 4.702 
1012 4.801 5.2 X 1013 4.789 4.6 X 1014 4.673 
1012 4.804 6.0 X 1013 4.788 5.7 X 1014 4.648 
1013 4.802 7.7 X 1013 4.783 6.8 X 1014 4.622 
1013 4.800 9.5 X 1013 4.778 7.7 X 1014 4.599 
1013 4.799 1.4 X 1014 4.764 8.8 X 1014 4.573 
1013 4.799 1.9 X 1014 4.750 1.0 X 1015 4.548 
1013 4.797 2.4 X 1014 4.737 1.1 X 1015 4.524 
The ratio of base current increase to collector 
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14 2 Neutron F1uence, ¢ (10 neutrons/em ) 
Figure 2. The ratio of base current increase to collector current decrease as a function 
of neutron fluence for the special devices. 
N 
0 
"Neutron-induced recombination reduces 
the excess minority carrier density 
everywhere in the base below the one 
which is present in the case of little 
or no recombination. The excess 
minority carrier concentrations at 
the emitter and collector side of the 
active base region are held fixed by 
their respective base voltages. Thus, 
the neutron-induced recombination forces 
the excess carrier gradient to increase 
at the emitter side and to decrease at 
the collector side. Since current is 
proportional to both the excess carrier 
concentration and gradient, this 
corresponds to an increase in emitted 
current and a decrease in collected 
current. The base current increase is 
the sum of the absolute magnitudes of 
the two and is consequentlymrger than 
either one."9 
The device parameters used in calculating the ratio 
2la 
of base current increase to collector current decrease are 
listed in Table 3. 
The collector current decrease was calculated using 4 
where 
~IC = the collector current decrease at the voltage 
and fluence of interest (A) , 
ICo = the pre-irradiation collector current at the 
same voltage (A), 
K2 = damage constant for the collector current of 
these devices (2.5 x lo-16 cm2/neutron) 4 
( 2 0) 
c. Measurement and Treatment of Capacitance/Voltage (C/V) 
Data 
The emitter-base junction capacitance needed for this 
work was measured on the Capacitance/Voltage Measurement 
- ~ 
-- - ----~----
PARAMETER UNITS SPECIAL DEVICES 
N0 E-ernitter diffusion surface concentration 
-3 
::::2 X 10 21 ern 
N08-base diffusion surface concentration 
-3 ~5 x 1019 ern 
NBC-collector background concentration -3 ~5 x 1015 em 
x. -emitter junction depth Je ern ~2 X 10- 4 
xjc-collector junction depth em ~3 X 10-4 
n-base field parameter 2.1 
W-base width ern 9.0 X 10 -5 
K1-diffusion potential damage constant 
2 
ern /neutron 1.27 X 10-l6 
K2-collector current damage constant 
2 
em /neutron 2.5 X 10-l6 
Tn-minority carrier lifetime -8 s 3.0 X 10 
K
1
-lifetime damage constant 2 em /neutron-s 2.0 X 10 -6 
~ -minority carrier mobility 2 4.6 X 10 2 em /V-s 
n 
K -mobility damage constant 
ll 
2 
em /neutron 7.0 X 10-l6 
p -base sheet resistivity ohms/o 3 2.25 X 10 
s 
R -base external resistance ohms 9.0 
ex 
AR-emitter area 2 -5 em 7.85 X 10 
~ -
--
Table 3. Parameters for the test devices 9 . 
2N914 
~2 X 10 21 
~5 x 1o19 
~5 x 1o15 
~2 X 10 -4 
::::3 X 10 -4 
2.1 
6.0 X 10 -5 
1. 27 X 10-l6 
3.5 X 10-l6 
1.2 X 10 -8 
2.0 X 10 -6 
4.4 X 10 2 
7.0 X 10-l6 
4.0 X 10 3 
12.8 
7.85 X 10 -5 1\.) I-' 
tr 
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System of the Electronics Research Laboratory of the 
Materials Research Center12 . The measured capacitance was 
corrected for the emitter-base junction header capacitance 
and the device stray capacitance. This correction was 
determined to be 0.3 pF using destructive testing methods 
on several similar devices. 
The capacitance as corrected consists of the junction 
capacitance and the base region diffusion capacitance. The 
diffusion capacitance is negligible for reverse bias, but 
not for forward bias. The tabulated values of x (Table 1) 
n 
confirms that the junction in the forward bias region is 
approximately a linearly graded junction. Combining 
Equation (15) and (17) the capacitance at any forward bias, 
VBE' and fluence, ¢, can be approximated by 
= c ( 0' ¢) 
kT 
____ v_z_(_o_,_o_) __ -~-~---K_l __ • __ ¢ _____ }1/3 
{ kT 
Vz(VBE'O) - -q Kl • ¢ + VBE 
( 21) 
The pre-irradiation diffusion potential was calculated 
using Equation (16). The average value, obtained from four 
data points spaced at 0.02 V increments about the bias of 
interest, was used for v 2 at zero and reverse bias. The 
diffusion potential for forward biases was obtained by extra-
polating values obtained at zero and one volt reverse bias 
to the forward bias of interest. The neutron fluence depen-
dence of v was then introduced through Equation (17). 
z 
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D. Data Presentation 
To obtain the exact electric field strength dependence 
and to check for a neutron fluence dependence of KV, the 
techniques of Section II were applied to six special devices 
manufactured by Texas Instruments to meet the same transis-
tor code as the 2N914 except without the gold doping. These 
were irradiated at room temperature to a neutron fluence of 
1015 neutron/cm2 in 28 irradiation steps. Three of six 
devices Were matched to within ±35% for use in the determi-
nation of the field dependence of KV. Shown in Table 4 are 
the biases used with these devices during irradiation and 
the resultant initial average fields. Table 4 also contains 
several other device-dependent initial values which were 
used in this work. 
In addition to the measurements listed above in 
Sections B and C, the reverse saturation current for the 
base and collector were measured approximately every third 
irradiation and the collector capacitance every irradiation. 
These data were taken to check for the possibility of the 
formation of surface channels. 
It is of interest to examine the current/voltage char-
acteristics of the three matched devices, one of which was 
forward biased, one unbiased, and the other reverse biased 
during irradiation. Current/voltage characteristics for 
this set of devices prior to irradiation and at a fluence 
15 2 
of 10 neutron/em (E>lOkeV) are shown in Figure 3. The 
collector current is found to be invariant with the emitter-
' . ----
Device 
Parameter Condition Units 
15 18 24 25 
IB-Base Current VBE=0.5 V nA 631.5 140.3 112.5 67.27 
IC-Collector Current VBE=O. 5 V llA 3.716 2.034 5.244 1.152 
hFE-Common Emitter VBE=0.5 V 5.885 14.50 46.63 17.12 
Current Gain 
CT-Emitter Junction VBE=O. 0 V pf 6.19 6.90 5.89 7.77 
Capacitance 
Vz-Diffusion Potential VBE=O. 0 V v 0.76 0.71 0.73 0.72 
VEE-Base-Emitter Bias, v 0.6 -1.07 0.5 -4.5 
During Irradiation 
Vz-Diffusion Potential VBE=VBE v 0.70 0.84 0.71 0.95 
During Irradiation 
E-Junction Field, VBE:VBE kV/cm 14.6 117. 22.4 246. 
During Irradiation 
IBR-Reverse Saturation . v =-5 v pA 67.68 38.13 37.79 451.6 
Base Current BE 
--






























Voltage, VBE (V) 
25 
0.7 0.8 
Figure 3. Current versus voltage for specially fabricated 
Texas Instruments devices with junction electric 
field strength during irradiation as a parameter. 
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base junction field present iuring irradiation. This would 
not be expected, since the collector current would be 
affected by recombination in the "neutral" base region, 
which is reduced by increasing reverse emitter bias. The 
absence of any observable difference may indicate that the 
defect formed in the "neutral" base when it is not neutral 
(i.e., in the region where the emitter base junction spreads 
into the base with a reverse bias during irradiation) may 
be indistinguishable from the defect formed in the "neutral" 
base when it is neutral (i.e., the same region when irradi-
ated with zero or forward bias). More likely, however, it 
simply indicates that the volume affected (8 percent) is too 
small for any effect to be observed. 
The base current depicted in Figure 3 is observed to 
vary with the junction electric field strength existing 
during irradiation. This variation can be seen, from the 
slope of the base current at the intermediate current levels, 
to be dominated by changes in the neutron-induced space-
charge recombination current component, rather than by sur-
face effects. It should be noted here that the data in 
Figure 3 are for a relatively high neutron fluence, and sur-
face effects would not be detected easily at this fluence by 
a "slope change" since the gamma-induced surface effects 
begin to saturate at 1-2 x 10 5 rads(Si) (corresponding to 
1-2 x 1013 neutrons/cm2 ) and are nearly completely saturated 
6 . 14 2 10 11 
at 10 rads (Si) (correspond1ng to 10 neutrons/em ) ' . 
The recombination in the emitter base space-charge region is 
27 
observed from the data in Figure 3 to increase with increas-
ing electric field strength, indicating that the severity of 
neutron-induced recombination at higher fluences in the 
space-charge region of an operating device is governed by 
the magnitude of the electric field present in the junction 
during irradiation. 
The pre-irradiation diffusion potential, v2 , and the 
depletion layer width, X , were calculated from the capac-
m 
itance/voltage data for the bias during irradiation using 
the techniques outlined in Section II E. These values are 
necessary in order to determine the average junction elec-
tric field strength. In addition, the depletion layer width 
was calculated for a VBE of 500 mV forward measurement bias 
for the calculation of the S·-CRV damage introduction rate. 
It was found that the S-CRV damage introduction rate, 
KV, could be obtained by plotting the parameter, Ktot' 
defined as, 
- r ( <Il) 
<Il o Xm o AE • exp(qV/nkT) 
( 2 2) 
versus the neutron fluenceo On comparing Equation (22) with 
Equation (12) and (13) , Ktot can be s-en to be a total 
damage introduction rate attributable to the combined 
effect of neutrons and gamma. Figure 4, which is a typical 
plot of Ktot versus <Il, shows two regions which may be sepa-
rated from each other by extrapolating backward the linear 
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14 2 to about 5 x 10 neutrons/em is a result of the combined 
effects of neutrons and gamma dose. The gamma dose effect 
14 2 
saturates at about 10 neutrons/em ; thus the curve from 
14 2 15 2 5 x 10 neutrons/em to 10 neutrons/em is dominated 
solely by neutron effects. The separation of the Ktot curve 
into KV and KY is also indicated in Figure 4 along with the 
backward extrapolation. 
The data in that portion of Figure 4 attributed to 
gamma-induced surface effects has also been normalized with 
respect to the space-charge volume parameters (i.e., volume, 
neutron fluence, and the exponential term). If the gamma 
dose and device parameter dependencies of th~ gamma-induced 
surface effect were desired the data would have to be re-
normalized to surface parameters (i.e., surface area and 
gamma dose) . Re-normalization is not needed in this work 
since we are interested primarily in neutron effects. The 
total damage introduction rate as calculated from Equation 
(22) for six special devices is tabulated in Table 5. 
Plotted in Figure 5 with the average electric field strength 
as a parameter are the measured S-CRV damage introduction 
rate versus the neutron fluence. The S-CRV damage intro-
duction rate, KV, was found to follow a function of the 





( cp ) 
9.9 X 10 12 
1.4 X 10 13 
1.6 X 1013 
2.0 X 1013 
2.4 X 10 13 
3.1 X 1013 
3.5 X 1013 
4.3 X 1013 
5.2 X 1013 
6.0 X 1013 
7.7 X 1013 
9.5 X 1013 
1.4 X 1014 
1.9 X 1014 
2.4 X 1014 
2.8 X 1014 
3.6 X 1014 
4.7 X 10 14 
5.7 X 10 14 
6.8 X 1014 
7.7 X 1014 
8.8 X 1014 
1.0 X 1015 
1.1 X 1015 
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Matched Devices Unmatched Devices 

















































































































































Table 5. The damage introduction rate versus neutron 
fluence at VBE equal to 500 mv. 
N 
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Neutron Fl uence, <P (1014 neutrons/cm 2 ) 
Figure 5. The volume damage introduction rate versus 
neutron fluence with the average junction 
electric field strength during irradiation 
as a parameter. 
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32 
2.28 10-17 3 2 Kvo = X (A/ern )/(neutrons/em), 
<P 1.98 1014 2 and - X (neutrons/em ) , 0 
rn (E) = the slope. 
For the three matched devices, Figure 5 shows the previously 
mentioned field dependence; the higher the electric field 
the larger is the volume damage introduction rate, KV. 
Equation (23) shows that the electric field strength depend-
ence enters through the power term, rn(E). The results of a 
linear least squares fit of the data from 5 x 1014 to 
15 2 1.1 x 10 neutrons/em are tabulated is Table 6, where 
rn(E) is the quantity of principal interest. The quantity 
rn(E) is plotted in Figure 6, versus the average junction 
Device Slope(rn) Intercept Least Squares 
Standard Error 
15 0.33 -27.16 0.07 X lo-17 
18 0.21 -31.15 0.02 X 10-17 
24 0.23 -31.72 0.04 X 10-17 
25 0.20 -31.50 0.17 X 10-17 
45 0.31 -28.18 0.07 X 10-17 
79 0.53 -20.48 0.04 X 10-17 
Table 6. Results of least squares fit of KV versus <P. 
electric field, E. For the three matched devices rn(E) is 










0.. 0. 3 >< 
L!J 
0. 2 
o Matched devices 
o Unmatched devices 
Data taken at v8E=500 mV, 300°K 
o Device 15 
o Device 18 
Device 25 o 
2 3 4 5 6 7 8 9 10 20 
Average Junction Electric Field Strength, E (10 4 V/cm) 
Figure 6. The exponent, m, versus the average junction electric field strenqth. w w 
where 
E = 3.05 x 10 6 (V/cm) 0 
s = 0.218. 
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The departure from this behavior for the three 
unmatched devices is not understood. Device 15, irradiated 
at 0.6 volts forward bias, should have realized the least 
damage, but, in fact, showed about the most. Capacitance 
and leakage current measurements indicate the formation of 
a surface channel on this device which could account for the 
large deviation. 
Device 25, which was most heavily reverse biased, 
showed less damage than was expected. Pre-irradiation data 
indicated the possibility of a much poorer surface condition 
prior to irradiation, which could account for the apparent 
lower neutron damage. Device lB,which was also reverse 
biased,showed less damage than was expected. No explanation 
for the behavior of this particular unmatched device could 
be derived from the measurements made on its electrical 
characteristics. 
Equation (20) was used in this work to calculate 6IC 
and good agreement was found with measured values for the 
three unmatched devices. However, the three matched devices 
behaved differently than predicted. The collector currents 
showed only a slight decrease up to about 7 x 1014 neutrons/ 
cm
2 
and then increased slightly above their initial value. 
This behavior is not understood, but since all three matched 
devices behaved similarly their correlation is still 
considered to be valid. 
E. Error Analysis 
The basic equation one must examine to determine the 
possible error in the calculation of Ktot is Equation (22) 
On assigning the appropriate error limits in Equation (22) 
one can write, 
{Q:l • 
[1 ± 0.01] - r(<P) • !J. I • c 
[1 ± 0.2] X 
m 
[1 ± 0.01] • A 
[1 ± 0.24]} 
E 
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• exp(qV • [1 ± 0.01]/nkT[l ± 0.5/T])} ( 2 5) 
where the potential error in !J.IC was determined from 
Equation (20) as, 
!J.IC = I • Co [1 ± 0.01] • K • 2 [ 1 ± 0 • 0 3] • Q:l • [1 ± 0.2] 
and the error in the area, AE was considered negligible. 
The possible error in Ktot will depend on the relative 
(26) 
magnitude of the quantities, IB, ICo' X I m and ¢. A numerical 
analysis of the data was made for all devices using the 
worst case conditions for the variables in Equation (25). 
The results of the analysis for Device 25, which showed the 
largest potential percentage error, are tabulated in Table 7 
and plotted in Figure 7 with error flags. For this device, 
the potential percentage error is seen to remain fairly 




9.9 X 1012 
1.4 X 1013 
1.6 X 1013 
2.0 X 1013 
2.4 X 1013 
3.1 X 1013 
3.5 X 1013 
4.3 X 1013 
5.2 X 1013 
6.0 X 1013 
7.7 X 1013 
9.5 X 1013 
Ktot (A/cm3 ~.;­
(neutrons/cm ) 
1.86 X 10-16 
1.48 X 10-16 
1. 82 X 10-16 
1.58 X 10-16 
1.19 X 10-16 
1.01 X 10-16 
8.61 X 10-17 
9.16 X 10-17 
8.97 X 10-17 
7.05 X 10-17 
6.40 X 10-17 



















1. 4 X 1014 
1. 9 X 1014 
2.4 X 1014 
2.8 X 1014 
3.6 X 1014 
4.7 X 1014 
5.7 X 1014 
6.8 X 1014 
7.7 X 1014 
8.8 X 1014 
1.0 X 1015 






-17 5.16 X 10 I 26.2 17.1 
-17 4.43 X 10 I 25.9 16.9 
-17 3.71 X 10 I 25.6 16.7 
-17 3.36 X 10 I 25.3 16.6 
-17 2.43 X 10 I 24.4 16.0 
-17 2.44 X 10 I 24.4 16.0 
-17 1.92 X 10 I 23.5 15.4 
-17 2.30 X 10 I 23.5 15.4 
-17 1.93 X 10 I 23.4 15.3 
-17 1.82 X 10 I 23.1 15.1 
-17 1.98 X 10 I 23.3 15.2 
-17 2.00 X 10 I 23.2 15.2 
Table 7. The damage introduction rate for device 25, with percentage error, as a func-
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the absolute error decreases with fluence as a result of 
the decrease with fluence of Ktot" 
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The potential error in KV was estimated using the least 
squares standard error. This potential error was shown in 
Table 6. 
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V. SU~~RY AND DISCUSSION 
The electric field strength and neutron fluence depend-
ence of the rate of space-charge volume damage introduction 
was investigated. An experimental technique was developed 
to facilitate the separation of gamma-induced surface 
effects from neutron-induced bulk space-charge effects. The 
results of previous theoretical work 9 on the ratio of base 
current increase to collector current decrease were extended 
to allow application to experimental data. 
An empirical expression was developed for the space-
charge volume damage introduction rate using data taken on 
specially fabricated devices. This expression gives reason-
able predictions for fluences between 5 x 1014 and 1015 
neutrons/cm2 (E>lOkeV). Additionally, for matched devices 
the effect of the junction electric field strength is intra-
duced through another experimentally derived expression 
which gives a reasonable fit for the same fluences and 
electric field strengths from 10 4 to 10 5 V/cm. 
The agreement for all devices between Equation (23) and 
. 14 15 2 the experlmental data from 5 x 10 to 10 neutrons/em 
indicates that the method presented for the separation of 
surface effects and neutron-induced bulk space-charge ef-
fects is valid. 
The three matched devices showed an anomalous increase 
in collector current. This unexpected increase in collector 
current could have affected the electric field strength 
correlation but, since each of the three matched devices 
40 
showed the same behavior in their collector currents, their 
correlation is felt to be valid. 
Injection annealing during irradiation was considered 
as a possible explanation for the junction electric field 
dependence seen in KV, but it alone was unable to predict 
all of the observations (zero and reverse bias). This 
observation was sufficient to conclude that some other 
mechanism was responsible for the electric field dependence 
of the damage introduction rate. The exact nature of the 
electric field dependence (whether the defect cluster or 
its capture cross-section is modified by the junction 
electric field) could not be determined and further work in 
this area is needed (see Section VII). 
An attempt was made to determine the processes involved 
by using other investigators' injection annealing studies 18 
(see Appendix). These studies indicated reaction orders of 
five. The magnitude of the reaction order indicates that 




This work has shown that the space-charge damage intra-
duction rate depends on the electric field strength present 
in the device junction during irradiation. In general, the 
rate of S-CRV damage introduction, Kv, is seen to be an 
increasing function of the average electric field strength 
present during irradiation and a decreasing function of the 
total neutron fluence. 
The method presented for the separation of the neutron 
and gamma effects should be applicable to any type of de-
vice that shows a portion of its electrical characteristics 
which are dominated by either neutron or gamma effects. 
However, it requires the measurement of device parameters 
over a relatively wide range of fluences because it is a 
graphical technique. 
The previous theoretical work4 ' 9 on the ratio of base 
current increase-to-collector current decrease was extended 
to allow application to experimental data and the results 
were applied to devices with the special device code. 
An empirical relation for the space-charge volume 
damage introduction rate as a function of neutron fluence 
and junction electric field strength during irradiation was 
developed which gives reasonable predictions for fluences 
between 5 x 1014 and 1015 neutrons/cm2 (E>lOkeV) and for 
junction electric field strengths 10 4 and 10 5 V/cm. 
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VII. SUGGESTIONS FOR ADDITIONAL WORK 
While the anomalous behavior of neutron-induced defect 
clusters in the high field space-charge region during forma-
tion has been shown to be dependent on the electric field 
strength in the junctionl-6 , 10 , the physical mechanism 
(e.g., modification of the defect cluster or its capture-
cross-section) responsible for these effects has not been 
determined and should be investigated. The nature of the 
defect cluster in neutral bulk material has previously been 
. 15 16 
stud1ed and several models proposed ' . A theoretical 
study of the effect of adding a high electric field to there 
models may lead to an understanding of the physical mecha-
nisms involved. 
Another possible investigation is the determination of 
the relative permittivity as a function of neutron fluence. 
Gossick has noted17 that the permittivity would be modified 
by the inclusion of spherical voids in the material. Mea-
surements of the dielectric constant of neutral bulk and 
space-charge samples, (if a method could be found) as a 
function of neutron fluence might yield information on the 
processes involved. 
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VIII. APPENDIX: INJECTION ANNEALING 
A. Introduction 
The effect of carrier injection on the transient 
neutron-induced damage in silicon planar-epitaxial transis-
tors has been studied by others18 , 19 . The general effect 
reported is an acceleration of annealing with both carrier 
18 density and temperature. Sander and Gregory reported 
that an annealing stage is observed in their 2l3°K curves 
at times less than 5 x 10- 2 seconds which is attributed to 
a second order reaction. 
If a simple irreversible chemical-type reaction process 
1s assumed for the reaction between injected carriers and 
neutron-induced defects, then the annealing process would 
be dependent upon the temperature, the relative concentra-
tion of reactants, and the order of the reaction with 
20 
respect to each reactant . Knowledge of these dependencies, 
if they exist, could confirm or deny the above assumption 
and could lead to a better understanding of the defect 
structure. 
B. Determination of Reaction Order and Activation Energy 
Reaction Order. If the reaction between carriers and 
defects is modeled by a simple irreversible chemical-type 
reaction between carriers, C, and defects, D, the general 
. . b . 20 react1on rate equat1on can e wr1tten as , 
(27) 
where 
cc = concentration of carriers, 
cD = concentration of defects, 
44 
c. = concentration of reactant of observation (i = C or 1 
D depending on which concentration parameter is 
held constant) , 
kr = reaction rate constant, 
a = order of reaction with respect to carriers, and 
B = order of reaction with respect to defects. 
The general method for determining k , a, and B is to 
r 
hold the concentration of one reactant constant, through a 
buffer or a high concentration, and to measure the reaction 
product concentration as a function of time. A plot of 
log10 (-dci/dt) versus log10 (ci) will yield as the slope the 
value of the reaction order with respect to reactant i and 
as the intercept the value of k • 
r 
Here i refers to that 
reactant which is not held constant. 
Activation Energy. The relation between the rate 
constant, k , and temperature is given by, 
r 
k = k • exp(-EA/kT). 
r ro 
The constant, k , is the frequency factor and EA is the 
ro 
activation energy. Converting Equation (28) to logarithmic 
form, we have, 
= loq10 (k ) - ro (29) 
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It is apparent that a plot of log10 (kr) versus 1/T will 
yield EA/2.3k from the slope and log10 (kr0 ) from the inter-
cept. 
C. Results 
Experimental Techniques. The reaction order with 
respect to defects was calculated using data presented in 
Reference 18. The annealing factor, AF(t), is defined18 as 
the ratio of the radiation-induced defect density at time t 
to the density of defects that do not anneal, i.e., 
AF(t) = Number of Defects at Time = t Number of Defects at Time = oo (30) 
The annealing factor is determined from the measure-
18 
ment of a device parameter (in the referenced work , the 
common emitter current gain) as a function of time followin.J 
the neutron irradiation. Allowing for the possibility of 
different introduction rates and different electrical 
effects for "annealable" defects (i.e., excess defects that 
18 
anneal rapidly at room temperature) and ''stable" defects , 
(i.e., room temperature stable defects) Equation (30) can 
be rewritten as, 
where 
AF(t) A • ~ + B • ~ • f(t) = = A • ~ + B • ~ • f(oo) 
2 ~ = neutron fluence (neutrons/em ) 
A + B • f(t) 
A + B • f(oo) ( 31) 
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A = the product of the introduction rate of "stable" 
defects and their electrical damage effective-
ness ((flhFE/Defect) x (Defects/neutron)), 
B = the product of the introduction rate of "anneal-
able" defects and their electrical damage effec-
tiveness ((~hFE/Defect) x (Defects/neutron)), 
and 
f(t) =the fraction of "annealabl~' defects at time, t, 
following neutron irradiation. 
The factors A and B are assumed independent of both 
time and the total neutron fluence. The latter assumption 
probably is invalid for fluences much higher then those 
used in the referenced work. 
Since f(oo) = 0, Equation (31) can be rearranged to, 
AF(t) = 1 +! • f(t), (32) 
therefore (AF(t) - 1) is seen to be proportional to the 
concentration of "annealable" defects. 
The concentration ofinjected carriers will be directly 
proportional to the collector current, IC, and will remain 
constant with time for constant injection level. If the 
quantity log(-d(AF - 1)/dt) is plotted versus log(AF - 1), 
Equation (27) , at constant temperature and injection level, 
then the order of the reaction with respect to defects, S, 
can be obtained from the slope. It should be noted here 
that the value of k , in Equation (27) , will not be obtain-
r 
able since (AF - 1) is only proportional to the concentra-
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I =2 11A I =20 1JA Ic=200 11A I =1 rnA 
Time c c c 
(s) AF AF- 1 AF AF- 1 AF AF- 1 AF AF- 1 
lo- 4 4.50 3.50 3.12 2 .12 2.62 1.62 2.29 1.29 
10- 3 2.89 1.89 2.29 1.29 1.88 0. 88 1.70 0.70 
10- 2 2.15 1.15 1.81 0.81 1.54 0.54 1.44 0.44 
10-l 1.64 0.64 1.44 0.44 1.35 0.35 1.28 0.28 
10° 1.30 0.30 1.22 0.22 1.20 0.20 1.16 0.16 
10 1 1.15 0.15 1.12 0.12 1.08 0.08 1.07 0.07 
10 2 1.08 0.08 1.06 0.06 1.04 0.04 1.02 0.02 
10 3 1.02 0.02 1.00 0.0 1.00 0.0 1.00 0.0 
Table 8. Annealing factor as a function of time for several 
injection levels at 300°K18 . 
tion of defects. 
Data Presentation. The data presented in Table 8 was 
smoothed by least squares fitting of the data to a third 
degree polynomial, and dc/dt was calculated from the poly-
nominal. 
Figure 8 is a plot of log(-d(AF- 1)/dt) versus 
log(AF - 1) for each of the injection levels used. These 
curves show two regions. The first region, for times less 
-1 then 10 seconds, is linear with an average slope of 5.0. 
The second region, 
-1 for times greater then 10 seconds, is 
non-linear. A normal chemical reaction process generally 
has reaction orders of one, two, and very rarely, three. 
10 2 
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Figure 8. -d (AF - 1) /dt versus (AF- 1) for several collector 
currents with injection held constant. 
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D. Discussion 
The resultant high value of the reaction order~ = S.Q 
and the appearance of two different regions for each curve 
indicates that the reaction between carriers and defects 
is too complex to describe in terms of a simple irreversible 
chemical-type reaction. To obtain further results, the 
reaction processes involved would need to be determined, 
because the appropriate differential equation cannot be 
obtained without knowledge of these reaction processes. 
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